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Context: Foam rolling (FR) is considered an effective
postexercise modality for reducing delayed-onset muscle
soreness and enhancing recovery of muscle function. However,
the effects of FR on muscle and joint proprioception have not
been investigated.
Objective: To examine the effects of FR on muscle and joint
proprioception after an intense exercise protocol.
Design: Controlled laboratory study.
Setting: University-based laboratory.
Patients or Other Participants: A total of 80 healthy,
physically active male students were randomly assigned to
either the FR (n¼ 40; age¼ 22.8 6 3.3 years, height¼ 176.4 6
5.3 cm, mass¼ 74.2 6 6.4 kg) or passive-recovery (PR; n¼ 40;
age¼ 23.0 6 3.2 years, height¼ 178.1 6 5.5 cm, mass¼ 74.6
6 6.2 kg) group.
Intervention(s): Participants in both groups performed 4
sets of 25 repetitions of voluntary maximal eccentric contrac-
tions at 608/s from 208 to 1008 of knee flexion to induce exercise-
induced muscle damage. The exercise was followed by either
PR or 2 minutes of FR immediately (1 hour) and 24, 48, and 72
hours postexercise.
Main Outcome Measure(s): Muscle soreness, pressure-
pain threshold, quadriceps-muscle strength, joint position sense,
isometric force sense, and threshold to detect passive move-
ment at baseline and immediately, 24, 48, and 72 hours
postexercise after FR.
Results: Foam rolling resulted in decreased muscle pain,
increased pressure-pain threshold, improved joint position
sense, attenuated force loss, and reduced threshold to detect
passive movement compared with PR at 24 and 48 hours
postexercise.
Conclusions: Foam rolling postexercise diminished de-
layed-onset muscle soreness and improved recovery of muscle
strength and joint proprioception. These results suggested that
FR enhanced recovery from exercise-induced damage.
Key Words: athletic performance, manual medicine, pain
therapy, sports medicine
Key Points
 Proprioception was reduced immediately after muscle-damaging exercise and returned to pre-exercise levels after
72 hours of passive recovery.
 Muscle strength was decreased at 24 and 48 hours after muscle-damaging exercise and had not returned to pre-
exercise levels after 72 hours of passive recovery.
 Foam rolling attenuated the perceived muscle soreness at 24 and 48 hours after exercise-induced muscle damage.
 Foam rolling facilitated the recovery of muscle and joint proprioception and muscle strength at 24 and 48 hours after
exercise-induced muscle damage.
U
naccustomed, intensive high-volume exercise typ-
ically results in myoﬁbrillar damage and distur-
bances in the extracellular matrix, sarcomeres, and
excitation-contraction coupling.1,2 Exercise-induced muscle
damage (EIMD) can be triggered by a sudden acute stretch
of the muscle-tendon unit during unaccustomed or
excessive exercise.3 Athletes often experience EIMD after
starting a new workout or increasing their workout
intensity, which not only results in discomfort and
disability but also temporarily impedes performance and
prevents training.4
Delayed-onset muscle soreness (DOMS) usually begins a
few hours after strength exercise, reaches its peak 24 to 48
hours later, and may last for several days.2,3 It is associated
with loss of muscle strength and endurance,5,6 decreased
range of joint motion,7–9 impaired proprioception,5,10,11
increased muscle stiffness,10 and unsteady limbs and
clumsiness during precision movements.12
Errors during position- and force-matching tasks increase
after exercise and increase more after eccentric than
concentric exercise,13 probably due to more EIMD after
eccentric exercise.13 The reduced force-generating capacity
after eccentric exercise persists for at least 24 to 48 hours,6
and substantial matching errors are still reported after 24
hours.14 Perhaps a greater contributor to error in force-
matching tasks and increased clumsiness after eccentric
exercise is impaired proprioception. Limb position and
movement are registered by muscle spindles and joint and
skin-stretch receptors,15,16 and proprioception is indeed
substantially reduced during EIMD. This reduction may, in
part, be due to the increased stiffness of the muscle17 or to
loss of muscle-receptor input after damage to the intrafusal
ﬁbers of the muscle spindles.5,10 Dynamic tasks require
accurate proprioceptive information and sufﬁcient muscular
strength18 to control posture and movement; a lack of
proprioception (body awareness) can increase the chance of
sport injury.18 Maintaining proprioceptive function, there-
fore, may be an effective strategy to prevent sport injuries.
Different strategies have been proposed to speed
recovery from EIMD, such as foam rolling (FR),
neuromuscular electrical stimulation, cryotherapy, and
nutritional supplements,19 but only Shin and Sung10 have
investigated the beneﬁts of massage for proprioception.
Foam rolling reduced the self-perceived intensity of
muscle soreness20–22 and speeded recovery of joint range
of motion,7–9,21 neuromuscular control,23 running speed,
and jump height after EIMD.21
Some of these improvements may occur via acute
decreases in passive tissue stiffness9 that reduce neural
inhibition11 or other neurologic effects, such as reduced
pain, even when the rolling was performed on the
contralateral limb.20,21 To our knowledge, no researchers
have investigated the effects of FR on muscle and joint
proprioception after EIMD. Therefore, the purpose of our
study was to examine the effects of FR on muscle and joint
proprioception after an intense exercise protocol. We
hypothesized that FR would accelerate the recovery of
muscle and joint proprioception after EIMD and, thereby,
improve neuromuscular function.24
METHODS
Participants
Eighty male sport-science students participated in our
study (Table). Volunteers were included if they participated
in mild- to moderate-intensity physical activities (ie,
walking, jogging, or endurance activities) 2 to 3 times per
week (9.9 6 3.5 h/wk) for 6 months before recruitment;
answered no to all questions on the Physical-Activity
Readiness Questionnaire (PAR-Q)25; did not take any
medications in the 48 hours before the study; did not have a
lower extremity injury; did not have a musculoskeletal
disorder; did not have psychiatric, neurologic, pulmonary,
cardiovascular, renal, or inﬂammatory disease; and did not
have a history of FR in the 30 days before the study.
Exclusion criteria were participation in another study in
which muscle damage was induced or the use of
supplements, caffeine, nicotine, or alcohol in the 24 hours
before the study or during the study period.
Sample-size calculations (G*Power, version 3.1 soft-
ware,26 Heinrich-Heine-Universita¨t Du¨sseldorf, Germany)
were based on the effect sizes of massage on ankle-joint
proprioception reported by Shin and Sung.10 With an effect
size of 0.62, a 2-tailed a level of .05, and a desired power
(1–b) of 0.80, a sample size of 33 in each group was
needed. Given that we anticipated a drop-out rate of 20%,
we enrolled 40 participants in each group. All participants
provided written informed consent, and the study was
approved by the Institutional Review Board of Shahrood
University of Technology.
Procedures
The experimental design is illustrated in Figure 1. After
inducing DOMS with an eccentric quadriceps exercise
protocol, we assessed the effects of FR on the time course
of recovery from muscle soreness, pressure-pain threshold,
joint position sense (JPS), isometric force sense, and
threshold to detect passive movement. The participants
were randomly allocated to the passive-recovery (PR) or
FR group using a computer-generated random-allocation
sequence (version 2.0; Random Allocation Software,
Isfahan University of Medical Sciences, Isfahan, Iran).
The participants visited the laboratory 5 times. During the
ﬁrst session, we obtained informed consent, collected
Table. Participant Characteristics
Characteristic
Group, Mean 6 SD
t Value P ValueFoam Rolling (n ¼ 40) Passive Recovery (n ¼ 40)
Age, y 22.8 6 3.3 23.0 6 3.2 0.33 .68
Height, cm 176.4 6 5.3 178.1 6 5.5 1.43 .18
Mass, kg 74.2 6 6.4 74.6 6 6.2 0.72 .86
Body mass index, kg/m2 23.9 6 2.1 23.3 6 2.3 0.54 .34
No. of exercise sessions/wk 3.8 6 0.8 3.7 6 0.7 0.25 .76
Exercise time/wk, min 120 6 20 115 6 17 0.63 .47
Target side, No. left/ right 5/35 7/33 NA NA
Abbreviation: NA, not applicable.
Figure 1. Experimental design of the study.
anthropometric information, familiarized the participants
with the experimental protocol, conducted the testing
procedures in the order presented in the Methods section,
and induced DOMS. During the second session, partici-
pants in the FR group performed 4 sets of 120-second
rolling cycles of the right quadriceps muscle, whereas the
PR group participated in a time-matched PR. This was
repeated at 24, 48, and 72 hours postexercise. At baseline
and immediately (1 hour), 24, 48, and 72 hours postexer-
cise, a series of neuromuscular evaluations were performed
on the right lower extremity.
Eccentric Exercise Protocol
Before muscle damage was induced, the participants
performed a 5-minute warm-up, including brisk walking on
a treadmill for 2 minutes, followed by a series of aerobic
movements, including leg swings, high knee jog, and
muscle stretches of the lower limbs (quadriceps stretch,
hamstrings stretch, calf stretch, and twisting reverse lunge).
The participants then sat on an adjustable isokinetic
dynamometer (version 3 Pro; Biodex Medical Systems
Inc, Shirley, NY) with their hips ﬂexed to 1208 and knees
ﬂexed to 908. The axis of rotation (tibiofemoral joint) of the
knee was aligned with the axis of rotation of the
dynamometer. The participants were secured with straps
across the chest and hips to minimize body movement
during contractions. To further limit movement, the tested
limb was secured with a hook-and-loop strap to the lever
arm of the dynamometer, and participants were instructed
to hold on to the lateral support of the chair. The resistance
pad was placed as distally as possible on the tibia while still
allowing full dorsiﬂexion of the ankle. The eccentric
exercise protocol for inducing muscle damage consisted of
4 sets of 25 maximal voluntary eccentric contractions of the
knee extensors at 608/s from 208 to 1008 of knee ﬂexion,
with a 2-minute rest between sets. We provided visual
feedback on the generated force and oral encouragement to
maintain the force during each repetition.
Intervention
Foam rolling was conducted using polypropylene groove
standard foam rollers (BlackRoll AG, Bottighofen, Swit-
zerland). The rollers had a material stiffness of 23.46 N/
mm, a length of 29.5 cm, and a circumference of 14.8 cm.
This small foam roll was chosen because it is easy to
transport and widely used by professional athletes. A sport-
science specialist supervised the FR. Starting in a prone
position with the roller approximately 8 cm inferior to the
anterior-superior iliac spine, participants crossed 1 limb
over the other (Figure 2). They rolled down to a position
superior to the patellar tendon and back using their elbows
to guide movement. We instructed participants to exert as
much pressure as tolerable on the foam roller at all times
because pressure that causes pain reduced the beneﬁts of
FR.21,22 The application frequency was 30 rolling cycles per
minute for 2 minutes.7 To help participants roll at this
frequency, we instructed them to change the rolling
direction with every tap of a metronome.
Foam rolling was performed immediately and at 24, 48,
and 72 hours after the EIMD protocol. We chose FR
immediately after the DOMS-inducing exercise because
DOMS intensity increases during the ﬁrst 24 hours and
peaks around 48 hours postexercise.2,21,22
Measures
Immediately after completing each FR session, measure-
ments were performed in the following order.
Passive Recovery. During PR, the participants sat on a
bench for 2 minutes. We instructed them not to engage in
any other form of recovery procedure (eg, massage, cold-
water immersion) during the study period.
Muscle Soreness. Muscle soreness was rated with a
visual analogue scale that consisted of a 100-mm line, with
0 indicating no pain and 100 representing extreme pain.
Participants marked their muscle soreness on the 100-mm
line while 5 kg of pressure was applied by an algometer
probe (model Algometer Commander; J Tech Medical
Industries Inc, Midvale, UT) to a 1.0-cm2 area on the
midline of the quadriceps muscle midway between the iliac
crest and the superior border of the patella.
Pressure-Pain Threshold. The pressure-pain threshold,
or the minimal amount of pressure that causes pain, was
used to assess muscle tenderness.20 A higher pressure-pain
threshold indicates less muscle tenderness. To assess the
quadriceps pressure-pain threshold, an algometer device
with a 1-cm-diameter circular and ﬂat probe (Algometer
Commander) was placed on the midline of the quadriceps
muscle midway between the iliac crest and the superior
border of the patella while the participant was in a relaxed
standing position. The pressure was gradually increased at a
constant rate of 50 to 60 kPa/s until the participants
indicated pain. Four trials with 30-second intervals between
measurements were completed, and the data were recorded
in kilopascals. The average of the 4 trials was used for
analysis.
Joint Position Sense. Joint position sense was evaluated
with the participant seated in the dynamometer chair as
described in the Eccentric Exercise Protocol subsection
with his eyes closed. He held a ‘‘hold’’ button to stop
movement of the lever arm when he thought it had reached
the target angle. For each test, the leg was passively moved
at a speed of 108/s and held still for approximately 10
seconds at 308, 458, and 608 to help the participant
memorize these target positions. Next, we instructed him
to actively position the leg to these angles, starting from
1008 of knee ﬂexion. The order of selected target angles
was random. For each target angle, 4 trials were completed
to determine the repositioning error.
Threshold to Detect Passive Movement. The threshold
to detect passive movement of the knee joint was evaluated
Figure 2. Foam rolling.
with the participant seated in the dynamometer chair as
described in the ‘‘Eccentric Exercise Protocol’’ subsection
with eyes closed and wearing ear plugs to eliminate
audiovisual cues. As for the JPS evaluation, the participant
held a ‘‘hold’’ button that he was instructed to push as soon
as he felt a change in the knee angle. To maximize the
stimulation of joint receptors and minimize stimulation of
cutaneous and muscle receptors, the test was performed at a
low knee-extension angular velocity (0.258/s). Four trials
were performed from the starting positions of 308 and 708
of knee ﬂexion, and the threshold angle of perception of
passive movement was the average angle in these
consecutive tests. If the wrong rotational direction was
detected, the trial was repeated.
Isometric Force Sense. To assess isometric force sense,
the participant was seated in the dynamometer chair as
described in the ‘‘Eccentric Exercise Protocol’’ subsection
and were instructed to maintain torques of 10%, 30%, and
50% of maximal voluntary isometric contraction (MVIC)
during a 7-second isometric contraction. We tested
isometric force sense to minimize the inﬂuence of
movement and assess the ability to control force.12 Low
loads were chosen to minimize fatigue. We randomized the
order of the target forces and instructed the participant to
complete each percentage of the selected MVIC torque 4
times. Visual feedback of force was provided via a monitor.
Next, he was instructed to reproduce the same target force
while blindfolded. For each torque percentage, 4 trials were
completed with 60-second rest intervals. The difference
between target torque and produced torque was the absolute
value. The average of 4 trials was used for statistical
analysis.
Isokinetic Muscle Strength. A dynamometer (Biodex
System 3 Pro) was used to assess quadriceps muscle
strength. Before each measurement, we performed a gravity
correction. To perform the measurements, the participant
sat on the chair as described in the ‘‘Eccentric Exercise
Protocol’’ subsection. Before testing, he performed 3
submaximal contractions to become familiar with the
isokinetic device. The maximal voluntary force was
measured during a set of 5 isokinetic concentric contrac-
tions at both 608/s and 120/s.27 The participant received
visual feedback and oral encouragement to reach the
maximum torque. The testing started at the lower speed,
and a 2-minute rest was given between each set of
contractions.
Statistical Analysis
The Shapiro-Wilk test showed that all data were normally
distributed. A 2 (group: FR, PR) 3 5 (time: baseline and
immediately, 24, 48, and 72 hours postexercise) mixed-
model analysis of variance was used to evaluate the main
and interaction effects of variables. Follow-up Bonferroni-
corrected t tests for multiple comparisons were conducted
where appropriate. To assess the effect size of the range of
training gains between baseline and postexercise times, we
calculated Cohen d and interpreted the sizes as trivial
(0.19), small (0.2–0.49), moderate (0.50–0.79), or large
(0.80).28 The a level was set at .05 for all statistical
analyses. We used SPSS (version 18; SPSS Inc, Chicago,
IL) for statistical analyses.
RESULTS
Age, height, mass, and body mass index were not
different between groups (Table).
For muscle soreness, we observed main effects of time
(F1,78 ¼ 1448.7, P ¼ .001, gp2 ¼ 0.94) and group (F1,78 ¼
38.5, P¼ .001, gp2¼ 0.33) and a time3 group interaction
(F1,78¼ 43.8, P¼ .001, gp2¼ 0.36). Post hoc tests showed
that muscle soreness was lower in the FR group than in the
PR group at 24 hours (34.3% versus 45.7%; d ¼ 1.2, P ¼
.001) and 48 hours (45.8% versus 62.3%; d¼ 1.3, P¼ .001)
after the eccentric exercise (Figure 3A).
For the pressure-pain threshold, we found main effects of
time (F1,78¼ 1251.6, P¼ .001, gp2¼ 0.94) and group (F1,78
¼ 5.4, P¼ .02, gp2¼ 0.07) and a time3 group interaction
(F1,78¼7.6, P¼ .01, gp2¼0.09). Post hoc tests showed that
the pressure-pain threshold was higher in the FR group than
in the PR group at 24 hours (70.5% versus 60%; d¼ 0.82, P
¼ .001) and 48 hours (63% versus 54%; d¼ 0.72, P¼ .01)
after the eccentric exercise, indicating less tenderness in the
FR group (Figure 3B).
For muscle strength, we noted main effects of time (F1,78
¼ 152.3, P¼ .001, gp2¼ 0.66 and F1,78¼ 107.3, P¼ .001,
gp2¼ 0.58) and time3 group interactions (F1,78¼ 6.5, P¼
Figure 3. Mean 6 SD, A, muscle soreness rated with a visual
analogue scale (range ¼ 0–100; B, pressure-pain threshold; C,
quadriceps muscle torque at 608/s; and D, quadriceps muscle
torque at 1208/s at baseline and immediately (1 h) to 72 h after
eccentric exercise for the foam-rolling and passive-recovery
groups. a Difference between groups (P , .05).
.01, gp2¼ 0.08 and F1,78¼ 7.5, P¼ .01, gp2¼ 0.9) at 608/s
and 1208/s, respectively. Follow-up comparisons showed
that muscle strength was higher in the FR than in the PR
group at 24 hours (83% versus 75%; d¼ 0.59, P¼ .01 and
79% versus 66%; d ¼ 0.66, P ¼ .01) and 48 hours (79%
versus 66%; d ¼ 0.49, P ¼ .03 and 73% versus 61%; d ¼
0.69, P ¼ .01) after eccentric exercise at 608/s and 1208/s,
respectively (Figures 3C and 3D, respectively).
For JPS, only a main effect of time was present (F1,78¼
106.8, P ¼ .001, gp2 ¼ 0.58; Figure 4A) at 308. We
demonstrated main effects of time (F1,78¼ 70.3, P¼ .001,
gp2¼0.47 and F1,78¼93.6, P¼ .001; np2¼0.55) and group
(F1,78 ¼ 12.3, P ¼ .001, gp2 ¼ 0.14 and F1,78 ¼ 10.6; P ¼
.002, gp2 ¼ 0.12) and a time 3 group interaction (F1,78 ¼
3.1, P¼ .02, gp2¼0.04 and F1,78¼3.7, P¼ .01, gp2¼0.05)
for JPS at 458 and 608, respectively. Follow-up comparisons
showed that the absolute repositioning error was smaller in
the FR than in the PR group at 24 hours (282% versus
366%; d¼ 0.93, P¼ .001 and 203% versus 303%; d¼ 0.90,
P¼ .001) and 48 hours (212% versus 283%; d¼ 0.81, P¼
.001 and 148% versus 203%; d ¼ 0.55, P ¼ .01) after
eccentric exercise at 458 and 608, respectively (Figures 4B
and 4C, respectively).
We found main effects of time (F1,78 ¼ 29.3, P ¼ .001,
gp2¼0.28 and F1,78¼39.7, P¼ .001, gp2¼0.34) and group
(F1,78¼ 10.5, P¼ .002, gp2¼ 0.12 and F1,78¼ 5.7, P¼ .02,
gp2¼ 0.07) and a time3 group interaction (F1,78¼ 3.1, P¼
.02, gp2¼ 0.04 and F1,78¼ 3.7, P¼ .01, gp2¼ 0.05) for the
threshold to detect passive movement at 308 and 708 of
knee ﬂexion, respectively. Follow-up comparisons showed
that the threshold to detect passive movement was smaller
for the FR than for the PR group at 24 hours (210% versus
305%; d ¼ 0.50, P ¼ .03; Figure 5A) and 48 hours (228%
versus 341%; d¼ 0.63, P¼ .01 and 233% versus 297%; d¼
0.43, P¼ .03, respectively; Figures 5A and 5B, respective-
ly) after eccentric exercise.
For force sense during knee ﬂexion, main effects of time
(F1,78¼ 111.9, P¼ .001, gp2¼ 0.59; F1,78¼ 65.2, P¼ .001,
gp2 ¼ 0.46; and F1,78 ¼ 137.9, P ¼ .001, gp2 ¼ 0.64) and
group (F1,78¼ 29.9, P¼ .001, gp2¼ 0.28; F1,78¼ 12.1, P¼
.001, gp2¼0.13; and F1,78¼26.7, P¼ .001, gp2¼0.27) and
time3 group interactions (F1,78¼ 3.4, P¼ .01, gp2¼ 0.04;
F1,78¼ 2.9, P¼ .03, gp2¼ 0.03; and F1,78¼ 4.9, P¼ .004,
gp2 ¼ 0.06) were found at 10%, 30%, and 50% MVIC,
respectively. Follow-up comparisons showed that the
absolute error of the force match was smaller in the FR
than in the PR group at 24 hours (159% versus 213%; d¼
0.94, P¼ .001; 176% versus 213%; d¼ 0.59, P¼ .02; and
221% versus 279%; d¼ 0.58, P¼ .02) and 48 hours (205%
versus 254%; d ¼ 0.72, P ¼ .01; 178% versus 220%; d ¼
0.72, P¼ .01; and 232% versus 336%; d¼ 1.02, P¼ .001)
after eccentric exercise for 10%, 30%, and 50% of MVIC,
respectively (Figures 6A through 6C, respectively).
DISCUSSION
The main observation of our study was that FR attenuated
muscle soreness and facilitated the recovery from loss of
proprioception and muscle strength induced by muscle-
damaging exercise.
Figure 4. Position error of the knee joint (mean 6 SD) at A, 308; B,
458; and C, 608 in absolute values during knee ﬂexion at baseline
and immediately (1 h) to 72 h after eccentric exercise for the foam-
rolling and passive-recovery groups. a Difference between groups
(P , .05).
Figure 5. Threshold to detect passive movement (mean 6 SD) at
A, 308 and B, 708 in degrees at baseline of knee ﬂexion and
immediately (1 h) to 72 h after eccentric exercise for the foam-
rolling and passive-recovery groups. a Difference between groups
(P , .05).
Muscle Soreness
Consistent with previous researchers,21,22 we found that
FR reduced DOMS at 24 and 48 hours postexercise, even in
the absence of an immediate effect. Therefore, FR can help
in the recovery from or attenuate the development of
DOMS. The faster recovery from DOMS with FR may be
related to a central modulation of pain perception.20,21 A
further contribution of FR could be a suppression of the
Hoffmann reﬂex23 that may underlie the increased pressure-
pain threshold. Other physiological (eg, increased circula-
tion and skin temperature and decreased interstitial
inﬂammatory mediators),8,29 mechanical (eg, decreased
stiffness of the fascia),7,8 or metabolic (eg, decreased
edema, enhanced tissue healing, and enhanced blood lactate
removal)8 factors may also contribute.
Joint and Muscle Proprioception
During voluntary movements, limb position and movement
are mainly sensed by muscle spindles, with some contribu-
tions from joint and skin-stretch receptors.15,16 We observed
that proprioception was reduced immediately after eccentric
exercise and had returned to pre-exercise levels only after 72
hours. Part of the apparent reduction in proprioception may be
related to pain that diverts attention from proprioception.
However, pain cannot be the sole explanation for reduced
sensorimotor control after eccentric exercise, as muscle
soreness and tenderness peaked at 48 hours and errors in
perceived joint angles peaked at 24 hours postexercise. In
addition, pain control is not sufﬁcient to restore propriocep-
tion30 or postural control31 unless the pain site has a critical
proprioceptive role in the joint involved in the task.30
Although muscle-receptor dysfunction may play a role, this
is unlikely, as researchers32 showed that JPS was also
disturbed after concentric exercise, when no disruption of
muscle spindles is expected. After eccentric exercise, the
increased muscle stiffness may alter the responses of
proprioceptive receptors such as muscle spindles and, thus,
position sense at the limb.17
We found that FR effectively restored muscle and joint
position sensing after eccentric exercise. A possible mecha-
nism is that FR promotes a faster return to more normal
muscle-ﬁber alignment and, hence, facilitates recovery of
muscle function.1 In addition, the fascia that play a functional
part in stability and locomotion24 are populated with 3 groups
of mechanoreceptors: type Ib Golgi tendon organs, type II
Pacini corpuscles and Rufﬁni endings, and type III and IV
interstitial myofascial tissue receptors.24 The most abundant of
all intrafascial mechanoreceptors, type III and IV sensory
nerves, are responsive to the mechanical pressure delivered by
FR and may change neural excitability, thereby reducing
muscle tension and pain.24
Muscle Strength
A decrease in muscle strength at 24 and 48 hours after
unaccustomed eccentric exercise, which we observed, is
considered the most reliable indicator of muscle damage.2
Reductions in muscle strength after unaccustomed eccentric
exercise may be due to a combination of factors, including (1)
damage to sarcomeres, such as Z-line tearing and myoﬁbrillar
damage, especially of type II muscle ﬁbers3,6; (2) acute
fatigue6; (3) decreased joint range of motion due to increased
muscle stiffness; (4) inﬂammation6; and (5) fear caused by
pain during movement.33 Whereas damage is intuitively an
important factor, the decrease in force was most pronounced
at 24 and 48 hours rather than immediately after eccentric
exercise. The loss and recovery of force after the eccentric
exercise session followed a similar time course as muscle
soreness. Allen6 suggested that pain-induced impaired muscle
activation, rather than muscle damage, caused the loss of force
after exercise.
As discussed, FR likely acts by reducing neural inhibition11
due to accelerated recovery of the connective tissue, which
results from decreased inﬂammation and reduced pain8,29 and
decreased nociceptor activation,8 thus permitting better
communication with afferent receptors in the connective
tissue.11 Better communication with afferent receptors may
allow natural muscle sequencing, agonist-antagonist coordi-
nation, or activation-ratio and motor-unit synchronization and
recruitment patterns11 to be preserved so that muscle strength
is maintained. Foam rolling may also reduce muscle stiffness9
and thereby improve the capacity of the musculotendinous
unit to store elastic energy that does not improve maximal
muscle force10 but can improve performance.
LIMITATIONS
Any improvement in proprioception may be due to a
learning effect. However, this bias was limited in our study,
Figure 6. Quadriceps force sense (mean 6 SD) at A, 10%; B, 30%;
and C, 50% of the maximal voluntary isometric contraction in absolute
values of torque during knee ﬂexion at baseline and immediately (1 h)
to 72 h after eccentric exercise for the foam-rolling and passive-
recovery groups. a Difference between groups (P , .05).
as the measures were repeated with the PR group. No
participants had an injury or comorbidity, and it remains to
be seen whether FR would have similar beneﬁts in patients
with such conditions.
CONCLUSIONS
Foam rolling resulted in a quicker recovery from muscle
soreness induced by eccentric exercise, loss of muscle
strength, and loss of proprioception than PR. Foam rolling
is a simple and inexpensive intervention that can be easily
applied in the ﬁeld and clinical settings to address DOMS.
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